The mammalian cell entry (Mce) operon 3 (mce3) is one of four homologous mce operons of Mycobacterium tuberculosis, encoding six (Mce3A-F) invasin-like membrane-associated proteins. Previous studies have shown that recombinant expression of Mce1A encoded by the mce1 operon in Escherichia coli allows this non-pathogenic bacterium to invade and survive inside macrophages, and latex beads coated with Mce1A are internalized by non-phagocytic HeLa cells. However, the role of other mce1 operon proteins (Mce1B-F) and proteins encoded by the operons mce2-4 in facilitating the internalization of M. tuberculosis in mammalian cells has not been studied. This study was carried out to determine whether Mce proteins encoded by the mce3 operon also facilitated the internalization of latex beads by HeLa cells. Recombinant pure Mce3A and lipoprotein LprM (Mce3E) were expressed and purified from E. coli cells. Mce1A expressed as a fusion protein with glutathione S-transferase (GST-Mce1A) and GST alone, purified similarly from E. coli cells, were used as control proteins. Fluorescent latex beads coated with purified proteins were used to study their uptake by HeLa cells using fluorescence microscopy, flow cytometry and electron microscopy. Fluorescence microscopy and flow cytometry showed an association of HeLa cells with beads coated with both Mce3A and LprM, whilst GST-Mce1A and GST yielded the expected results. Transmission electron microscopy confirmed the uptake of beads coated with Mce3A or LprM by HeLa cells. The data showed that Mce3A encoded by the mce3 operon facilitated the uptake and internalization of latex beads by HeLa cells. The data also showed, for the first time, the role of another Mce protein (LprM/ Mce3E) in facilitating the interaction and internalization of M. tuberculosis by mammalian cells.
INTRODUCTION
The incidence of tuberculosis continues to climb, mostly in developing countries but also among select population groups in developed countries (Frieden et al., 2003) . The World Health Organization has estimated that nearly onethird of the world population is now latently infected with Mycobacterium tuberculosis and 8-10 million people develop active disease resulting in 2 million deaths each year (Corbett et al., 2003; Frieden et al., 2003) . Latent M. tuberculosis infection is achieved by strategies involving invasion and replication of the bacterium in host macrophages and blunting or modification of the host immune response, which eventually allows persistence of the dormant bacterium (Glickman & Jacobs, 2001; Hingley-Wilson et al., 2003) . M. tuberculosis also has the ability to invade other non-phagocytic cells such as epithelial and endothelial cells (García-Pérez et al., 2003; Mehta et al., 2006) . Furthermore, in situ PCR analyses of apparently normal human lung tissues have shown the presence of M. tuberculosis DNA in macrophages, dendritic cells and non-professional phagocytic cells such as type II pneumocytes, Hep-2 cells, endothelial cells and fibroblasts. These observations indicate intracellular persistence of M. tuberculosis in a wide variety of mammalian cells (Bermudez & Goodman, 1996; Hernandez-Pando et al., 2000; Reddy & Hayworth, 2002) .
The mechanisms of mycobacterial entry and survival inside macrophages are beginning to be elucidated and several host factors play a role in bacterial entry (El-Etr & Cirillo, 2001; Kang et al., 2005; Nguyen & Pieters, 2005) . The early intracellular survival of M. tuberculosis in macrophages is probably dependent on its entry through mannose receptors or complement receptor 3, as these entry mechanisms may not induce the pro-inflammatory response (Aderem & Underhill, 1999; Schlesinger, 1993) . Similarly, several mycobacterial factors, notable among them mannose-capped lipoarbinomannan and mammalian cell entry (Mce) protein, also participate in the entry of M. tuberculosis inside macrophages (Arruda et al., 1993; Schlesinger et al., 1994) .
The Mce proteins are a family of invasin-like proteins with putative export signal sequences at the N-terminal end and are most likely located at the mycobacterial cell surface (Ahmad et al., 2005; Chitale et al., 2001; Harboe et al., 1999) . The M. tuberculosis genome contains four dispersed but homologous mce operons (mce1-4) arranged in an identical manner and each encoding six Mce proteins (MceA-F) (Cole et al., 1998) . However, the mce3 operon is deleted in the closely related bovine pathogen Mycobacterium bovis and the vaccine strain M. bovis BCG (Behr et al., 1999; Gordon et al., 1999; Zumarraga et al., 1999) . Arruda et al. (1993) initially showed that recombinant expression of Mce1A in Escherichia coli allowed this non-pathogenic bacterium to invade and survive within macrophages. Subsequently, Mce1A-coated latex beads were shown to invade non-phagocytic mammalian (HeLa) cells (Chitale et al., 2001) . However, Mce2A-coated beads were not internalized by HeLa cells. The uptake activity of Mce1A is localized in a basic 22 aa region, containing motifs that show similarity to other cellpenetrating peptides (Lu et al., 2006) . The surface-exposed nature of this region predicted from the molecular structure of Mce1A also supports its role in the invasion of mammalian cells (Das et al., 2003) . However, the role of MceB-F encoded by the mce1 and mce2 operons, as well as Mce3A, Mce4A and other Mce proteins encoded by the mce3 and mce4 operons, in mediating the uptake of M. tuberculosis inside mammalian cells is not known. This study was carried out to determine whether Mce proteins encoded by the mce3 operon promote the uptake of M. tuberculosis by mammalian cells. The uptake and internalization of fluorescent latex beads coated with purified Mce3A and Mce3E (synonymous with the lipoprotein encoded by lprM) proteins was studied using nonphagocytic HeLa cells.
METHODS
Recombinant Mce proteins. Recombinant Mce3A and Mce3E proteins of M. tuberculosis were expressed in E. coli and purified by affinity chromatography as described previously (Ahmad et al., 2003 (Ahmad et al., , 2004 . In brief, E. coli cells expressing high levels of glutathione Stransferase (GST)-Mce3A or GST-Mce3E fusion protein were lysed by sonication in PBS, and the solubilized fusion proteins in inclusion bodies were purified by Ni-NTA affinity chromatography and analysed by 10 % SDS-PAGE. The purified fusion proteins were digested with thrombin protease for 6 h and analysed by preparative 7 % SDS-PAGE. After electrophoresis, the gels were soaked in 0.3 M KCl and the protein bands in gel slices were excised and macerated. The purified Mce3A and Mce3E proteins migrated as a single band at their expected molecular masses in Coomassie blue-stained SDSpolyacrylamide gels (Ahmad et al., 2004) . The identity of each purified Mce3 protein was confirmed by amino acid sequencing. GST-Mce1A and His-tag-containing GST, used as controls, were also recombinantly expressed in E. coli and purified similarly by Ni-NTA affinity chromatography, as described previously (Ahmad et al., , 2005 .
Coating of beads with various proteins and culture of mammalian cells. A 4 ml sample of a stock suspension of redfluorescent latex beads (Sigma-Aldrich) (containing about 5610 8 beads ml 21 of 1 mm diameter) was mixed with 0.2 ml PBS containing 25 mg Mce3A, Mce3E, GST-Mce1A or GST only and the resulting suspension was added to 1.8 ml minimal essential medium (MEM; Gibco-BRL) and incubated for 2 h at 37 uC. HeLa (CCL-2) cells were grown in 100 ml Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL) supplemented with 10 % fetal calf serum (Gibco-BRL) at 37 uC. The HeLa cells were harvested, washed with MEM, quantified with a haemocytometer and resuspended in complete DMEM. The cells were seeded either in a six-well tissue culture plate with or without sterile coverslips at a density of 1610 6 cells per well or in a 96-well plate at a density of 1610 5 cells per well.
Invasion assays and fluorescence emission determination. A 200 ml aliquot of the latex beads coated with various proteins was added to a near-confluent HeLa cell monolayer in a six-well plate. The HeLa cells were incubated either for 3 h or for varying lengths of time (0.5, 1, 1.5, 2, 2.5 or 3 h) at 37 uC. The cells were washed three times with MEM, fixed with 100 % methanol and then stained with 1 % Evans Blue for light and phase-contrast fluorescence microscopic examination (Olympus). Fluorescence emissions (excitation at 590 nm and emission at 630 nm) were detected directly in the 96-well plate using a fluorometer reader.
Analysis of latex beads-HeLa cell association by flow cytometry. Flow cytometry (excitation at 486-580 nm and emission at 568-590 nm) was performed to demonstrate that single live HeLa cells were associated with fluorescent beads coated with Mce3 protein.
Monolayers of HeLa cells were incubated with beads coated with various proteins as described above and detached from the six-well plate by applying 2 ml trypsin/EDTA for 2 min at 37 uC. The cells were pelleted, washed three times with MEM and resuspended in 1 ml MEM. Cells in suspension were analysed using a Coulter Epics-XL flow cytometer (15 mV) equipped with an argon ion laser (BeckmanCoulter Electronics) according to the instructions of the manufacturer. Orange fluorescence (measured in the FL2 channel) and side scatter were obtained in a log scale, whereas forward scatter was obtained in linear scale. Data analysis was performed using Coulter System II software.
Electron microscopy analysis of beads internalized by HeLa cells. HeLa cells were grown as a monolayer on plastic strips placed in wells of a tissue culture plate and then treated with latex beads coated with various proteins. The cells were fixed in 3 % glutaraldehyde, post-fixed with 1 % osmium tetroxide and dehydrated through a series of washes with increasing concentrations (25-100 %) of ethanol. The samples were then treated with three consecutive mixtures of propylene oxide and epoxy resin of different ratios for sample penetration before embedding in pure epoxy resin embedding medium for polymerization. Semi-thin sections were cut with a glass knife, stained with 1 % toluidine blue in borax solution and examined under a light microscope. Ultrathin sections were cut with a diamond knife, placed on 200-mesh copper grids, stained with uranyl acetate and lead citrate, and examined using a TEM-1200EX-II transmission electron microscope (JEOL) at 80 kV (Krajci et al., 2000) . The identity of the internalized beads was confirmed by measuring the diameter of the internalized beads. (Fig. 1a) . Uncoated beads (Fig. 1b) and beads coated with GST protein alone (Fig. 1c) showed very little (background) association with HeLa cells. Fluorescence microscopy also revealed that beads coated with Mce3A ( Fig. 1d) and Mce3E (Fig. 1e) were also abundantly associated with HeLa cells. Higher fluorescence emissions were obtained when a higher amount of Mce3 protein (during coating of beads) was used or when the time of incubation of beads with purified Mce3A and Mce3E proteins was increased from 0.5 to 3 h (data not shown).
RESULTS AND DISCUSSION

Association of beads coated with Mce3A or Mce3E with HeLa cells analysed by flow cytometry
The mean fluorescence intensity (MFI) (log of FL2) compared with the cell count during flow cytometric (Casali et al., 2002; Chitale et al., 2001) . When HeLa cells incubated with beads coated with Mce3A (Fig. 2c) or Mce3E (Fig. 2d) were analysed, the MFI was again much (Fig. 1) .
Uptake and internalization of Mce3A-or Mce3E-coated beads by HeLa cells
Transmission electron microscopy has been used previously to demonstrate that latex beads coated with Mce1A or proteins and peptides containing the Mce domain of Mce1A are internalized by HeLa cells (Casali et al., 2002; Chitale et al., 2001; Lu et al., 2006) . Consistent with previously reported data, latex beads coated with purified GST-Mce1A fusion protein were also taken up and internalized by HeLa cells (Fig. 3) . When latex beads coated with pure Mce3A were used, pedestal-like structures were observed at the plasma membrane of the HeLa cell, possibly formed by elongation of the microvilli surrounding the bead (Fig. 4a) . The latex beads coated with Mce3A in contact with the cell surface also induced membrane invagination, thickening and formation of a regular array of bristles (Fig. 4b) . The uptake and complete internalization of beads coated with Mce3A was also observed in HeLa cells (Fig. 4c) . The identity of the internalized beads was confirmed by measuring their diameter. The beads localized within HeLa cells were almost equal to or less than 1 mm. Similar to the results reported above for Mce3A, latex beads coated with Mce3E also induced the formation of pedestal-like structures and membrane invagination (data not shown) and were also completely internalized by HeLa cells (Fig. 4d) . The Mce3A-and Mce3E-coated beads were found in the cytoplasm either alone or in clusters, but without being compartmentalized within vacuoles of the HeLa cell. This is in contrast to the internalization of M. tuberculosis by mammalian cells, which are always found within vacuoles (phagosomes) (Russell, 2001 (Ahmad et al., , 2005 In conclusion, the data presented in this study showed that the homologue of Mce1A encoded by the mce3 operon (Mce3A), as well as another Mce protein encoded by mce3 operon (LprM/Mce3E), facilitate the uptake and internalization of latex beads by non-phagocytic mammalian (HeLa) cells. To the best of our knowledge, this is the first report describing the role of a membrane-associated lipoprotein (LprM/Mce3E) in facilitating the uptake and internalization of latex beads by HeLa cells. 
